Abstract A primary pathogeny of epilepsy is excessive activation of α-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors (AMPARs). To find potential molecules to inhibit AMPARs, high-throughput screening was performed in a library of tetrapeptides in silico. Computational results suggest that some tetrapeptides bind stably to the AMPAR. We aligned these sequences of tetrapeptide candidates with those from in vitro digestion of the trout skin protein. Among salmonderived products, Glu-Gly-Ala-Arg (EGAR) showed a high biological affinity toward AMPAR when tested in silico. Accordingly, natural EGAR was hypothesized to have anticonvulsant activity, and in vitro experiments showed that EGAR selectively inhibited AMPAR-mediated synaptic transmission without affecting the electrophysiological properties of hippocampal pyramidal neurons. In addition, EGAR reduced neuronal spiking in an in vitro seizure model. Moreover, the ability of EGAR to reduce seizures was evaluated in a rodent epilepsy model. Briefer and less severe seizures versus controls were shown after mice were treated with EGAR. In conclusion, the promising experimental results suggest that EGAR inhibitor against AMPARs may be a target for antiepilepsy pharmaceuticals. Epilepsy is a common brain disorder characterized by the occurrence of recurring, unprovoked seizures. Twenty to 30 % of persons with epilepsy do not achieve adequate seizure control with any drug. Here we provide a possibility in which a natural and edible tetrapeptide, EGAR, can act as an antiepileptic agent. We have combined computation with in vitro experiments to show how EGAR modulates epilepsy. We also used an animal model of epilepsy to prove that EGAR can inhibit seizures in vivo. This study suggests EGAR as a potential pharmaceutical for the treatment of epilepsy.
Introduction
Epilepsy, characterized by recurring, unprovoked seizures, representing abnormal synchronous activity of neurons in a focal area of the brain or throughout the entire brain [1] , is a common neurologic disorder that is estimated to affect > 50 million patients worldwide [2] . In fact, although > 15 antiepileptic drugs are currently available in most countries, 20 % to 30 % of persons with epilepsy do not achieve adequate seizure control with any drug and are therefore considered to be Bdrug-resistant^ [3] .
There is now extensive research on epilepsy that is directed towards developing safer and more effective new drugs that are capable of interfering with excitatory neurotransmission, which plays a pivotal role in regulating neuronal activity in both physiological and pathological conditions in the mammalian central nervous system [4] , especially with glutamatergic transmission mediated by α-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors (AMPARs) [5] . It has been well established that excessive activation of glutamate receptors in AMPARs is one of the major causes of Ca 2+ overload in cells, consequently triggering seizures and requiring maintenance procedures associated with epilepsy [6] . AMPA itself, administered systemically or by cerebroventricular infusion, is able to elicit seizures in preclinical models, hence suggesting a role for AMPARs in the generation of seizures [7] , and making AMPARs an attractive drug target [8] . N-methyl-Daspartic acid (NMDA) receptors (NMDARs) may also contribute to epileptiform activity, but an NMDARs blockade is not sufficient to eliminate epileptiform discharges [1] .
Based on previous publications, AMPAR antagonists may have therapeutic potential as appropriate drugs for the prevention and treatment of epilepsy [8] . Agents that inhibit or decrease AMPAR activity have the potential to reduce excessive excitatory responses, providing neuroprotection and seizure suppression [9] . The prototypical competitive AMPAR antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f] quinoxaline shows activity in pentylenetetrazole (PTZ)-induced seizure models [10] , but it has poor solubility, resulting in precipitation in the kidney at therapeutic plasma levels. Derivatives of 2,3-dihydroxy-6-Nitro-7-sulfamoyl-benzo[f] quinoxaline with polar constituents have improved solubility, but these compounds exhibit decreased blood-brain barrier penetration [11] . Perampanel, the first approved antiepileptic drug to inhibit glutamate receptors selectively, exerts a highly selective and strong inhibitory effect on AMPAR activity, in preclinical studies [12] . In animal models of acute and chronic seizures, perampanel was shown to have broad-spectrum antiseizure effects by elevating the after discharge threshold and inhibiting seizure propagation [12, 13] . Thus, we chose peptides that are highly degradable and absorbable in mammals as our candidate molecules to inhibit the excessive activation of AMPARs and treat epilepsy.
Currently, computational methods, such as molecular docking and molecular dynamic simulation, are routinely used to evaluate compounds for their ability to bind to proteins with well-defined binding sites [14] . The extracellular agonistbinding domain (S1S2 domain) of ionotropic glutamate receptors consists of 2 lobes with the agonist-binding pocket located between the 2 lobes [15, 16] . The S1S2 domain is very important in understanding the physiological role of AMPARs and in developing useful therapeutic agents targeted to these widespread receptors. Under these circumstances, building a complete library of tetrapeptides may be a novel and highly efficient way of high-throughput screening for AMPAR antagonists.
While major dietary intervention has been applied to prevent diseases such as diabetes and heart disease, the potential impact of diet on neurologic disorders has been neglected. During the last several decades, fish proteins have been widely studied, and their various multifunctional properties have been well described [17] . Salmon is a popular food worldwide, and it is considered to be healthy because of the fish's high nutritional value and pharmacologic activity. Salmon skin, the underutilized by-product from salmon processing, consists of notable amounts of collagenous protein.
It is well known that, in protein, it is bioactive peptides that act out the biological activity. Bioactive peptides have been defined as specific protein fragments that have a positive impact on body functions or conditions and may ultimately influence health [18, 19] . Since the first bioactive peptide was revealed by Mellander in 1950 [20] , the potential physiological functions of bioactive peptides derived from dietary protein have aroused scientific interest and attention [21, 22] . Some peptides can influence higher brain functions such as learning and memory in animals [23] .
Theoretically, bioactive peptides can be released from dietary protein through digestion in the gut, while the amount of peptides, however, is too small to induce any significant effects. In contrast, the enzymatic hydrolysis of dietary proteins offers a rapid and reproducible method for the production of considerable bioactive peptide fractions, and they are likely to become potential health-beneficial food ingredients or nutraceutical preparations [24] . Thus, the most ideal tetrapeptide candidate for use as an antiepilepsy agent is considered to not only show great affinity for the AMPAR in silico, but also be a salmon skin collagen peptide (SSCP).
In this work, we report the in silico, in vitro, and in vivo activity of Glu-Gly-Ala-Arg (EGAR), a bioactive tetrapeptide SSCP that acts as an antiepileptic agent. We provide evidence to support that, with solubility both in water and in lipid, EGAR is a novel AMPAR antagonist with anticonvulsant activity in experimental models.
Materials and Methods

Materials
Atlantic salmon (Salmo Salar L.) skin was donated by CF Haishi Biotechnology Ltd. Co. (Beijing, China). The salmon skin was washed twice with water and then stored in sealed plastic bags at -20°C until use. Reagents were purchased from the following sources: tetrodotoxin, picrotoxin (PTX), the disodium salt of 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), 2-amino-5-phosphonovaleric acid (APV), NMDA, and AMPA were all purchased from TOCRIS Bioscience (Bristol, UK); papain and PTZ were from Sigma Aldrich (St. Louis, MO, USA); synthesized EGAR was from ChinaPeptides Co., Ltd (Shanghai, China). The EGAR stock solution consisted of 1 mg lyophilized EGAR solubilized in 115 μl distilled water. The resulting stock solution was diluted in artificial cerebrospinal fluid (ACSF) (pH 7.2-7.4) to a final concentration of 100 μM, 50 μM, 20 μM, and 1 μM EGAR.
Animals
The protocol described in the following was approved by the Animal Care and Use Committee of the Sun Yat-Sen University, and is in compliance with the National Institutes of Health guidelines for the use of experimental animals. C57BL/6 mice (15-20 g) were used in the experiment. The animals were housed at 20 to 22°C in their individual cages, with free access to food and water. They were kept on a 12-h light/dark cycle.
Peptide Library and Virtual Screening
CycloPs was applied to generate a library of structures for tetrapeptides [25] . All 20 L-amino acids that were in the generating section of the library, consisting of 160,000 tetrapeptides, were used. Then, tetrapeptides were built, and their structures were subjected to energy minimization through the MMFF94 force field to obtain the lowest-energy conformation prior to docking. Hydrogen atoms were added to all the tetrapeptide structure.
The virtual screening method as previously reported [26, 27] . Briefly, standard precision of Autodock Vina was employed to screen the tetrapeptide library. The best docking pose of the compound was kept based upon binding energy score. Then, the top 500 compounds were selected for the molecular dynamic simulation for the deep screening. Finally, 11 compounds were selected and purchased for bioassays. And for EGAR, the top 1 was selected for the further research.
Molecular Docking and Molecular Dynamics Simulation
The structure of AMPAR (PDB code 3KG2 and 3DLN) was adopted for docking calculations [15, 28] . Autodock 4 was used for automated molecular docking with the Lamarckian genetic algorithm [29] . The grid map with the Lamarckian genetic algorithm at 0.375 Å was generated with the AutoGrid program to calculate the binding energies between the ligand and the receptor. Docking parameters were set to default values except for the number of genetic algorithm (GA) runs (200) and energy evaluations (25,000,000). All docked conformations were clustered under a tolerance of 2 Å for root mean square deviation (RMSD) and ranked according to docking energies at the end of each run.
The AMBER11 simulation suite was applied for molecular dynamic simulations and data analysis [30] . The all-atom point-charge force field (AMBER ff03) [31] , showing a good balance in the balance between helix and sheet, was utilized to represent the peptides. The water solvent was explicitly represented by the TIP3P model [32] . The parameters for EGAR were generated as follows. After a geometry optimization at the HF/6-31G** level, the electrostatic potential of EGAR was acquired at this level. The partial charges were derived by fitting the gas-phase electrostatic potential using the restrained electrostatic potential method [33] , and other force parameters of the EGAR molecule were taken from the AMBER GAFF parameter set [34] . The missing interaction parameters in the ligand were generated using antechamber tools in AMBER. The system was first minimized using the steepest descent algorithms for 2000 steps. Then, we performed 5 ns molecular dynamics (MD) simulations for the system with the National (American) Pipe Thread (NPT) ensemble. The pressure was coupled to 1 bar with an anisotropic coupling time of 1.0 ps, and the temperature was kept at 300 K during the simulation, with a coupling time of 0.1 ps. The long-range electrostatic parameters were computed using the Particle-Mesh Ewald method [35] . SHAKE was utilized to constrain all bonds connecting hydrogen atoms [36] , which enables a 2.0 fs time step in the simulation. Two cut-offs of 0.8 and 1.2 nm were used for the evaluation of the nonbonded interactions. We then applied molecular mechanics generalized born surface area (MM-GBSA) to estimate the binding energies at 300 K. In total, 192 AMD Opteron (tm) Processor central processing units (2.0 GHz) were used for the above computation.
Binding Free Energy Calculations
The binding free energies (ΔGbind) were computed with the MM-GBSA approach built in the AMBER program [37] . Generating multiple snapshots from an MD trajectory of the protein-ligand complex was the first step in the MM-GBSA method. Fifty snapshots were taken in total from the last 2-ns trajectory with an interval of 100 ps. The free energy was calculated in every snapshot for each molecular species (complex, receptor, and ligand) with the following equation [38] :
where Gcomp, Grec, and Glig are the free energies for the complex, receptor, and ligand, respectively. Each was estimated using the following equation:
where ΔEmm is the molecular mechanics, the energy of the molecule expressed as the sum of the internal energy of the molecule plus the electrostatic and van der Waals interactions; ΔGsolv is the solvation free energy of the molecule; T is the absolute temperature; and ΔS is the entropy of the molecule. The molecular mechanics free energy was calculated in:
where ΔEelec is the Coulomb interaction, ΔEvdw is the van der Waals interaction, and ΔEini is the sum of the bond, angle, and dihedral energies; in this case, ΔEini = 0. The solvation free energy was computed previously [39] :
where ΔGGB is a polar solvation contribution calculated by solving the generalized bloch (GB) equation for the MM_GBSA method [40] . ΔGnp was the nonpolar solvation term, which was computed as follows:
where γ is the surface tension, set to 0.0072 kcal/ (molÅ 2 ), and b is a constant, set to 0. SASA is the solvent accessible surface area (Å 2 ), estimated using the MOLSURF algorithm. The solvent prove radius was set to 1.4 Å, to define the dielectric boundary around the molecular surface.
The vibrational entropy contributions were then calculated by NMODE analysis [41] . Because of the high computational demand, only 50 snapshots were accepted for NMODE analysis. Each snapshot had a dielectric of 4rij (rij = distance between atoms i and j) until the root mean square of the gradient vector was < 0.0001 kcal/(molÅ 2 ).
Identification of EGAR from SSCP
Approximately 5 kg Atlantic salmon skin was soaked with 0.2 % NaOH (1:3, w/w) for 12 h to remove part of the fishiness. Then, the skin was minced and homogenized with distilled water (1:5, w/w), to form a slurry. The pH of the slurry was adjusted to 7.0 with NaOH, and hydrolyzed with neutral proteases (from Bacillus subtilis, enzyme:substrate ratio 1:100) at 50°C for 5 h. Then, papain was added in an enzyme:substrate ratio of 1:50 to continue hydrolysis at 60°C for 2 h. Hydrolysis was stopped by heating at 100°C for 10 min.
The resultant hydrolyzate was centrifuged (LG10-2.4A; Beijing LAB Centrifuge Co. Ltd, China), and the supernatant was filtered with ceramic membranes (Filter and Membrane Technology Co. Ltd, Fujian, China). Next, the purified liquid was condensed by an R-151 rota vapor (BUCHI Co. Ltd, Postfach, Switzerland) at 75°C until the concentration of the condensed liquid was almost 30 % solid content. Then, it was decolored with 20 % active carbon at 55°C for 1 h. Finally, we obtained SSCP powder (620 g) after the resulting filtered liquid was spray dried in an L-217 spray dryer (Beijing Laiheng LabEquipment Co. Ltd, Beijing, China).
To analyze the amino-acid sequence of the major peptides in SSCP, the powder was dissolved in water at 2 mg/ml, and it was separated by reverse phase highperformance liquid chromatography (HPLC) on an XBridge BEH130 C18 column (4.6 × 250 mm; Waters, Milford, MA, USA) with a nonlinear gradient. Eleven major fractions were collected and subjected to a quadrupole time-of-flight mass spectrometer for sequence identification that was performed by the National Center of Biomedical Analysis (Beijing, China).
For quantification of resultant peptides, SSCP was dissolved in water at 1 mg/ml; then, the solution was passed through a cation exchange column (4.6 × 250 mm; BonnaAgela, Tianjin, China) to remove interferential peptides. The content of the resultant peptides in SSCP can be calculated by the peak area-standard curve in reverse phase HPLC.
Brain Tissue Preparation
Hippocampal slices were prepared from 2 to 3-week-old mice for whole-cell recording. Accordingly, mice were deeply anesthetized with 20 % urethane before decapitation. Their brains were quickly removed, immersed in ice-cold ACSF containing (in mM): 124 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, and saturated with 95 % O 2 /5 % CO 2 to a pH of 7.2 to 7.4. Brains were trimmed and mounted in the vibratome (Leica VT1000A; Wetzlar, Germany), and 350-μm-thick coronal slices were cut. Then, slices were incubated at room temperature with ACSF for at least 1 h before recording.
Primary Cell Culture
Dissociated hippocampal cultures were prepared from SD rat embryos, according to previously published protocols [42] . Briefly, whole hippocampi were dissected from SD rats on postnatal days 0 to 3. Tissue was trypsinized for 10 min at 37°C and mechanically dissociated using siliconized glass pipettes. Cells were added to each of the dishes containing the glass coverslips prepared previously. After 3 to 4 h, coverslips were transferred to the dishes. Cells were used for patch-clamp recordings between 9 and 14 days in vitro.
Electrophysiology Experiments
Hippocampal slices were transferred to a submerged recording chamber (Warner Instruments, Hamden, CT, USA). In the recording chamber, slices were perfused continuously at a rate of 3 ml/min with ACSF (see above). Whole-cell recordings from CA1 hippocampal neurons were made by experimenters who were blinded to the control and treatment groups. Neuron identification was carried out with infrared differential interference contrast microscopy (BX51 W; Olympus, Tokyo, Japan) by the morphology. Recording electrodes with resistances ranging between 6 and 9 MΩ were pulled from 1.5 mm (OD) × 0.86 mm (ID) borosilicate micropipettes by a F l a m i n g -B r o w n e l e c t r o d e p u l l e r ( P -9 7 ; S u t t e r Instruments, Novato, CA, USA) using a 4-stage pull protocol. The electrode for recording was filled with an internal solution containing (in mM): 140 potassium gluconate, 5 NaCl, 1 CaCl 2 , 2 MgATP 2-, 10 EGTA, and 10 HEPES (pH 7.2-7.4). Whole-cell recording was performed also using an external solution containing (in mM): 140 NaCl, 5 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose (pH 7.2-7.4). Internal and external recording solutions were filtered for sterilization before use. Voltage-clamp recordings of excitatory postsynaptic currents (EPSCs) were evoked using a bipolar Teflon-insulated iridium-platinum microelectrode (David Kopf Instruments, Tujunga, CA, USA) at a frequency of 0.0167 Hz. EPSCs were also recorded after the addition of 50 μM D-APV to the ACSF to block the NMDAR-mediated component of the EPSCs, and 10 μM CNQX was applied to the ACSF to block the AMPAR-mediated component of the EPSCs. The external bath solution was added, with 10 μM PTX, to isolate miniature EPSCs (mEPSCs). The mEPSCs were also recorded after application of ACSF with 10 μM CNQX plus 20 μM EGAR and 50 μM D-APV (an NMDAR antagonist) plus 20 μM EGAR. By adding 10 μM CNQX or 50 μM D-APV to the ACSF, NMDAR-mediated or AMPAR-mediated mEPSCs were isolated.
Then, whole-cell recordings were performed from the hippocampal neuron culture. Coverslips containing hippocampal neurons were removed from the culture medium and were placed in a 30 × 10-mm polystyrene culture dish containing external solution. For NMDA current recordings, the external bath solution also contained 100 μM NMDA. To record AMPA currents, 20 μM AMPA was added to the external solution. For nominally zero magnesium experiments, Mg 2+ was replaced by an osmotically equivalent concentration of Na + . In separate experiments we examined neuronal input resistance and action potential properties. Recordings were obtained with a multiclamp 700B amplifier, filtered at 10 kHz, sampled at 200 μs; these recordings were recorded to a personal computer using pClamp10.2 software and were analyzed using an Axon Instruments Digidata 1440A and pClamp10.2 (Molecular Devices, Sunnydale, CA, USA).
PTZ-Induced Seizure Models
To determine the identity of the EGAR that was putatively responsible for the antiseizure effect, we evaluated the degree of epilepsy in 40 PTZ-induced seizure models administered EGAR. EGAR was injected 30 min prior to PTZ. Animals were divided into 4 groups at random, with 10 in each group. Each group was administered with 0, 1, 10, or 100 mg/kg EGAR, respectively. All animals had PTZ injected intraperitoneally at a dosage of 55 mg/kg, a dose that produced clonic seizures in all of the control animals.
Thirty-min monitoring was performed to observe the behavior of mice immediately after PTZ injection [43] . Two well-trained observers who were blind to the results analyzed the behavior of the mice. The mice were placed in a clear plastic cage and were observed for 30 min. The cage was thoroughly cleaned with wet/dry cloths and 70 % ethanol to remove any olfactory cues between subjects. Animals that showed rearing and forelimb clonus or more severe behaviors (rearing, clonus, and falling) were defined as mice with limbic seizures [44] . As shown in Fig. 8 , seizures were scored according to the following scale: 0, no response; 1, immobility; 2, gustatory movements and scratching; 3, tremor; 4, head bobbing; 5, rearing and forelimb clonus; 6, rearing, clonus, and falling; 7, death.
Statistics
Values are presented as the mean ± SEM. Additionally, p < 0.05 was considered to be significant. All statistical analysis of the biological data was performed using t-tests, with the exception that the K-S test was used to perform analysis of the cumulative probability data. SPSS 13.0 software (IBM, Armonk, NY, USA) was used for all of the statistical analyses.
Results
EGAR Bound to the S1S2 Domain of AMPAR in silico
To investigate the interaction between EGAR and the AMPAR, structural analyses were implemented. From the MD simulation, it could be seen that there were 3 strong hydrogen bonds between EGAR and the AMPAR [(Glu-OE1)-219Arg, (Glu-OE2)-219Arg, Arg-73Gly] (Fig. 1A, B) , which play an important role in the stability of the complex. To validate the stability of the simulation, the RMSD of the Cα of the complex versus the simulation time are shown in Fig. 1C . The values of the RMSD were approximately 1.75 Å, and the structure of the AMPAR seemed to stabilize after 2 ns. We found that the hydrogen bonds, with an average of < 3.5 Å between EGAR and residues Arg219 and Gly73 of the AMPAR, make significant contributions to the binding affinity (Fig. 1D) . A hydrogen-bond interaction is thought to form if the distance between the hydrogen donor and the acceptor is < 3.5 Å [45] . Therefore, we believe that the H-bond interaction between the EGAR and residues Arg219 and Gly73 of the AMPAR stabilizes the EGAR-AMPAR complex in the MD simulation.
MM_GBSA Calculations Proved that EGAR has High Affinity to AMPAR
To explore the binding affinity of EGAR, the binding free energies were computed by means of the MM_GBSA in continuum solvent models, which was constructed based on a total of 250 snapshots taken from 15 ns to 20 ns. Importantly, the calculated binding free energy of the complex was -20.865 kcal/mol, which indicates that EGAR has a high affinity to AMPAR. The electrostatic energy and the van der Waals energy of EGAR binding indicate that the binding process is thermodynamically favorable.
EGAR was a Peptide of SSCP
Eleven major fractions of SSCP on HPLC were collected ( Fig. 2A) . All of them had high peak area ratios > 1 %. The fractions were subjected to a quadrupole time-of-flight mass spectrometer, to identify the amino-acid sequence. A total of 57 sequences were identified, and the sixth fraction was EGAR. This was also confirmed by matching the EGAR sequences with sequences from proteins of Atlantic salmon [46] [47] [48] [49] . The mass spectrum of EGAR is shown in Fig. 2B .
EGAR Inhibited CA1 EPSCs and mEPSCs in Mouse Hippocampal Slices
In silico, we found that EGAR was able to combine AMPARs, a target for an antiepilepsy drug. Therefore, experiments were also performed to examine the effect of EGAR on CA1 stratum EPSCs evoked by Schaffer collateral stimulation in hippocampal slices. Consistent with virtual results, the application of EGAR reduced the EPSCs recorded in CA1 pyramidal cells (Fig. 3A) . Different effects were elicited by 1 to 100 μM EGAR in the presence of 10 μM PTX to block γ-aminobutyric acid A receptors. On average, the mean amplitude of the EPSCs during the application of 1 μM, 20 μM, 50 μM, and 100 μM EGAR was 82.7 %, 54.9 %, 50.9 %, and Fig. 3B ; paired t-test, p > 0.05, p < 0.03, p < 0.05, and p < 0.05, respectively, (n = 6)]. As its concentration reached 20 μM, EGAR significantly inhibited the EPSCs in a dose-dependent manner. These data suggest that applying EGAR inhibits the Schaffer collateral pathway-evoked EPSCs in mouse hippocampal slices.
To determine whether the deficit in synaptic transmission caused by EGAR is presynaptic or postsynaptic, spontaneous mEPSCs were recorded from CA1 neurons in mouse hippocampal slices. In the presence of 1 μM tetrodotoxin and 10 μM PTX, to block action potentials and γ-aminobutryic acid A receptors, respectively, application of 1 μM, 20 μM, 50 μM, and 100 μM EGAR resulted in a decrease in the amplitude of mEPSCs (Fig. 3C) . On average, the mEPSC amplitude was 88.5 %, 46.4 %, 46.8 % and 42.3 % in the control at p > 0.05, p < 0.03, p < 0.01, and p < 0.01, respectively (n = 6, paired t-test; Fig. 3F ). A shift in the amplitude distribution occurred during exposure to 1 μM, 20 μM, 50 μM, and 100 μM EGAR at p > 0.05, p < 0.05, p < 0.05, and p < 0.05, respectively (n = 6, K-S test; Fig. 3G ). In contrast, the mean mEPSC frequency was unchanged at p > 0.05, p > 0.05, p > 0.05, and p > 0.05, respectively (n = 6, paired ttest; Fig. 3D ). The interevent interval distribution was not modified by 1 μM, 20 μM, 50 μM, or 100 μM EGAR at p > 0.05, p > 0.05, p > 0.05, p > 0.05, respectively (n = 6; Fig. 3E ). Thus, the results generally prove that EGAR influences synaptic transmission postsynaptically.
EGAR Selectively Inhibited the AMPAR-Mediated Component of CA1 EPSCs and mEPSCs in Mouse Hippocampal Slices
To evaluate whether EGAR differentially inhibits AMPARs and NMDARs, we used a whole-cell voltage clamp to measure EPSCs carried via AMPARs or NMDARs, and examined the effects of EGAR. In the CA1 neurons of the hippocampal slices, the AMPAR-mediated EPSCs were reduced to 50.2 % ± 7 % of the control response after the application of ACSF in the presence of both 20 μM EGAR and 50 μM NMDAR blocker D-APV (Fig. 4A, C) . In ACSF with 20 μM CNQX (a competitive antagonist of non-NMDAR) to block the AMPAR-mediated EPSCs, 20 μM EGAR did not affect the isolated NMDAR component of the EPSCs (Fig. 4B, D) .
The selective inhibition of the AMPAR component of the EPSCs again supports a postsynaptic mechanism. To further distinguish between a pre-and postsynaptic site of action, we examined the effect of EGAR on AMPAR-mediated and NMDAR-mediated mEPSCs. We compared the frequency and amplitude of AMPAR-mediated mEPSCs at baseline and after applying 20 μM EGAR for 5 min. Twenty μM EGAR did not change the frequency of AMPAR-mediated mEPSCs [p > 0.05, t-test (n = 6); Fig. 4E ], and the interevent interval distribution was not modified [p > 0.05, K-S test (n = 6); Fig. 4F ]. However, 20 μM EGAR significantly reduced the amplitude of AMPAR-mediated mEPSCs to 54.1 % [p < 0.05, t-test (n = 6); Fig. 4G ], and a significant shift in the amplitude distribution occurred [p < 0.05, K-S test (n = 6); Fig. 4H ]. Consistent with our observation regarding the influence of EGAR on the EPSCs of NMDAR, EGAR did not inhibit the NMDAR-mediated component of CA1 mEPSCs (Fig. 5A) , neither did it influence the amplitude [p > 0.05, t-test (n = 6); Fig. 5B ] nor the frequency [p > 0.05, t-test (n = 6); Fig. 5C ]. Changes in current amplitudes are typically the result of a postsynaptic alteration in receptor number or responsiveness. As a result, these data further support a specific deficit in postsynaptic responses after EGAR inhibition.
EGAR Specifically Inhibited the AMPA Currents of Primary Cultured Hippocampal Neurons
The activity of EGAR on AMPA-evoked and NMDAevoked currents was assessed using the patch-clamp technique for dissociated hippocampal neurons grown in primary cultures. We recorded currents evoked by the application of AMPA (20 μM), a selective agonist of the AMPA subtype of glutamatergic receptors, in the absence and presence of 20 μM EGAR. In the cells, application of AMPA alone activated a rapidly decaying inward current followed by a prolonged component of lower amplitude (Fig. 6A) . Following the test applications of AMPA and EGAR, the extracellular solution containing EGAR was replaced with control solution, and 5 min later, AMPA was applied alone (recovery; Fig. 6A ). The degree of blocking in the peak currents produced by EGAR was expressed as the percentage reduction of the AMPA currents (100 %). In hippocampal neurons, AMPA-evoked currents were marginally affected and significantly reduced an average to 60.0 % by the EGAR (20 μM) application [p < 0.01, paired t-test (n = 6); Fig. 6B ]. The EGAR concentration of 20 μM was chosen based on the above To further define the specificity of EGAR action on AMPA responses, we also examined the effect of EGAR on NMDAevoked currents. In contrast, EGAR (20 μM) had no detectable effect on NMDA responses in 6 neurons in which EGAR partially inhibited AMPA currents [p > 0.05, paired t-test (n = 6); Fig. 6C, D] . Based on these results, it is reasonable to assess that the reduction of the current is due to the block of the AMPAR-mediated component.
EGAR Inhibited Low Magnesium-Induced Spiking in Primary Cultured Hippocampal Neurons
To determine whether EGAR reduces neuronal hyperexcitability at concentrations comparable with those that inhibit AMPAergic EPSCs and mEPSCs in slices, we examined the effect of EGAR on the bursts of action potentials induced in cultured hippocampal neurons by nominally Mg 2+ -free extracellular solution [50, 51] . Cultured hippocampal neurons generally fire isolated action potentials when Mg 2+ is present in the extracellular solution. When the extracellular solution contains no added Mg 2+ , the neurons fire bursts of action potentials that are superimposed on a depolarizing shift; EGAR (20 μM) decreased action potential bursting, which partially reverted to baseline bursting spike frequency after EGAR washout (Fig. 7A) . The quantitative data show that 20 μM EGAR significantly decreased action potential bursting on the basis of a comparison of the mean spike frequency from 4.4 Hz ± 0.9 Hz to 1.5 Hz ± 0.5 Hz in the same neuron before and after EGAR application [p < 0.05, paired t-test (n = 6); Fig. 7B ]. Thus, EGAR decreases neuronal hyperexcitability in cultured hippocampal neurons in the same effective concentration that decreases AMPAR-mediated EPSCs and mEPSCs in hippocampal slices.
EGAR had no Significant Effect on Electrophysiological Properties of CA1 Neurons
We also examined whether EGAR altered neuronal electrophysiological properties. After EGAR inhibition, a significant decrease was found in AMPAR-mediated mEPSCs. This deficit was not attributable to changes in the intrinsic properties of the neurons because average input resistance (Rin) (control 163.71 ± 7.29 MΩ;EGAR, 164.57 ± 9.96 MΩ) and resting membrane potential were unchanged. Finally, current step injections were used to determine the AP firing threshold and frequency. The AP firing thresholds were similar between control and EGAR-treated neurons (control -46.26 ± 0.5 mV; EGAR -45.61 ± 0.2 mV), and the frequency was unaltered after EGAR treatment (control 14.11 ± 3.84 Hz; EGAR 13.53 ± 2.42 Hz) (Table 1) . Therefore, our data suggest that a decrease in the amplitude of AMPAR-mediated mEPSCs, after treatment with EGAR, will not alter the intrinsic or firing properties of individual neurons.
EGAR Inhibited in vivo PTZ-Induced Generalized Convulsive Seizures
To determine if EGAR inhibits seizures in this model, we gave EGAR intraperitoneally to mice 30 min before giving 55 mg/kg PTZ intraperitoneally. Mice in the control group developed rearing, clonus, and falling behavior within 4 min. For comparison, 1 mg/kg, 10 mg/kg, and 100 mg/kg groups remained at the stage of gustatory movements and scratching or tremor. Within 6 min, the mice in the control group stayed in the same state, but seizures in the group of 100 mg/kg were significantly attenuated, although those in 1 mg/kg and 10 mg/kg groups became more severe than those displaying the behavior within 4 min. All mice recovered within 8 min (Fig. 8B) . Animals in the 100 mg/ml group did not show tremor and head bobbing, and those in the 10 mg/ml group did not show clonus and falling. The incubation period of the 1 mg/kg group and the 10 mg/kg group was 2 min longer than the control group. EGAR doses of 1, 10, and 100 mg/kg increased the seizure latency to 3.66, 4.11, and 4.59 min compared with the control group, in which the latency was 2.89 min (Fig. 8C) . One conclusion may be that a light concentration of EGAR (1 and 10 mg/ml) increases the incubation period. One hundred milligrams per ml EGAR can avoid severe behaviors and has a lower death rate.
Discussion
Data presented in this study suggest that EGAR is a selective AMPAR antagonist with antiseizure activity in a preclinical epilepsy model. In in silico studies, we demonstrated that a tetrapeptide, EGAR, is able to bind stably to AMPAR. Gating of the AMPAR channel occurs by agonist binding, including the natural ligand glutamate or the synthetic, but more selective, ligand AMPA, to a pocket produced by 2 globular protein domains forming the ligand-binding core that close around the agonist in a Venus flytrap or hinged-clamshell-type mechanism [52] . The subsequent movement of lobe 2 toward lobe 1 by approximately 20 o is the initial conformation change that triggers receptor activation [53] . EGAR, just like CNQX, the first potent and selective AMPAR antagonist [54] , possibly exerts its blocking action by binding at the glutamate recognition site. Therefore, we think that adding EGAR may prevent the binding of agonists with AMPARs, and thus the receptor stays inactive.
In in vitro studies, we found that a narrow range of EGAR concentrations inhibited synaptic responses. A maximally effective EGAR concentration of 100 μM inhibited CA1 EPSCs by 54.6 % and CA1 mEPSCs by 57.7 %; lower concentrations produced less inhibition. The decrease in the amplitude of CA1 mEPSCs and the stability of the frequency of CA1 mEPSCs suggest that EGAR inhibits synaptic transmission postsynaptically. A potential postsynaptic mechanism based on the observed EGAR effect is AMPAR activity modification that was revealed in silico.
EGAR has differential effects on AMPAR and NMDAR responses. A postsynaptic effect is consistent with the tendency for 20 μM EGAR to decrease depolarizations induced by a puffer of AMPA, an AMPAR agonist, in CA1 neurons. The inhibition we observed occurred independently of NMDAR activation because it occurred when D-APV blocked NMDARs, suggesting that EGAR is a selective AMPA receptor antagonist. These results were consistent with the defects in EPSCs and mEPSCs seen after the treatment of EGAR; in fact, these results demonstrate a result of the inhibition of AMPARs. A different effect on the AMPA or NMDA component of an EPSP or EPSC is evidence of a postsynaptic effect [55, 56] . Despite the marked differences in NMDAR and AMPAR sensitivity to glutamate, presynaptic manipulations do not selectively affect 1 component [56] . AMPARs are thought to play a critical role in the propagation of seizures [57, 58] , and are also likely to be involved in their initial triggering [59] . Selectivity of EGAR for AMPARs over NMDARs may also be an important feature clinically, as NMDAR antagonists are known to produce psychoactive effects, including schizophrenia-like symptoms and cognitive impairment [7] . In addition, because of underlying learning and memory, AMPARs move in and out of the synapse in a dynamic fashion in forms of synaptic plasticity. Usually, the trigger for these dynamic movements is the activation of NMDARs. While NMDAR antagonists inhibit these forms of synaptic plasticity, AMPAR antagonists do not impair synaptic plasticity and do not inhibit memory formation or retrieval. Hippocampal hyperexcitability induced by magnesium reduction or removal is a well-suited in vitro model of epileptiform seizure activity to elucidate the cellular mechanisms that underlie epileptogenesis and the spontaneous recurrent epileptiform discharge activity associated with epilepsy [60] . The observed increase in spiking after the low magnesium treatment was significantly reduced after the addition of EGAR, indicating a rescuing effect of the agent. This result is consistent with the inhibition of AMPAR-mediated synaptic transmission contributing to the anticonvulsant effect of the drug. Thus, all of the above data suggest that the anticonvulsant activity of EGAR can be accounted for by a blockade of AMPARs.
EGAR reduced neuronal excitability and epileptiform activity in vitro, and we postulated, based on EGAR's actions in vitro, that EGAR may have anticonvulsant effects in vivo. PTZ is a chemical convulsant that reliably produces generalized convulsive seizures (clonic-tonic) when administered intraperitoneally. The rodent PTZ seizure model, which has been developed over > 60 years, is a standard animal-seizure model according to the National Institute of Neurological Disorders and Stroke Anticonvulsant Drug Development Program [61] , and it is one of the most widely animal seizure models employed in the search for antiepileptic drugs [62] . The marked anticonvulsant effects, observed after a systemic administration of EGAR in mice with PTZ-induced generalized seizures, can be related to its good bioavailability. The anticonvulsant potency of EGAR may be correlated to its lipophilicities, which positively influence the cellular permeability and therefore penetration of the blood-brain barrier. We conclude that EGAR is an anticonvulsant against acute seizures induced by PTZ, a convulsant, in vivo. Whether EGAR is effective against sporadic seizures in chronic epilepsy is unclear and requires further study.
In conclusion, the novel tetrapeptide, EGAR, reported in this study, possesses marked anticonvulsant activity. The in vivo antiseizure activity of EGAR in various aspects is consistent with its activity as an AMPAR antagonist in vitro. Thus, the PTZ model and hippocampal slice data show that EGAR has potential as an antiepileptic drug and it is noted that EGAR, different from other antiepileptic drugs that inhibit AMPAR activity, such as perampanel, may afford a broader range of treatment strategies because it is a naturally occurring peptide, which can be found in SSCP. As is reported, peptides provide an excellent starting point for new drug designing, considering their attractive pharmacological profile and intrinsic properties and because of their specificity, peptides have safety, tolerability, and efficacy profiles in human [63] . Dietary SSCP may become a natural diet therapy for epilepsy, which can improve tolerance and compliance of patients. In addition, gene delivery strategies [64] may enable EGAR expression in an epileptogenic cortical region refractory to conventional anticonvulsants that are not amenable to surgical treatment. However, EGAR may have intrinsic weaknesses of naturally occurring peptides, including poor chemical and physical stability, and a short circulating plasma half-life [63] . Therefore, the use of EGAR will depend upon the pharmacokinetics in humans. Thus, extensive evaluations are still needed to study its pharmacological properties and efficacy.
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